The effect of direct oral anticoagulants (DOACs) on turbidimetric measurements of plasma clot formation and susceptibility to fibrinolysis may facilitate a comparison between different classes of anticoagulants in plasma samples. We obtained 424 citrate plasma samples from 226 atrial fibrillation patients on anticoagulation and 24 samples without anticoagulation serving as controls. As comparators, we measured the international normalized ratio (INR) for phenprocoumon samples (N = 166), anti-Xa for low molecular weight heparin (LMWH) samples (N = 42), and DOAC levels with mass spectrometry (dabigatran N = 40, rivaroxaban N = 110, apixaban N = 42). Plasma clot formation and lysis were recorded continuously on a photometer after addition of an activation mix (tissue factor 2 pmol/l and tissue plasminogen activator 333 ng/ml). We used linear regression and ANCOVA for correlation analysis. Clot formation lag phase was prolonged in the presence of anticoagulants in a concentration-dependent manner for DOACs (dabigatran Spearman r = 0.74; rivaroxaban r = 0.78; apixaban r = 0.72, all p < 0.0001), INR dependent for phenprocoumon (r = 0.59, p < 0.0001), anti-Xa level dependent in LMWH samples (r = 0.90, p < 0.0001). Maximum rate of clot formation and peak clot turbidity were reduced in the presence of anticoagulants, but correlated only moderately with the comparator measures of anticoagulation. The clot lysis time was inversely correlated with DOAC concentrations in the presence of recombinant thrombomodulin. A direct ex vivo comparison between the effects of different classes of anticoagulants is possible with turbidimetric measurement of plasma clot formation and lysis. Anticoagulation inhibited clot formation in a plasma concentration manner for DOACs, INR dependent for phenprocoumon, and anti-Xa dependent for LMWH. Susceptibility to fibrinolysis increased with increasing DOAC concentrations.
Introduction
Since the introduction of novel direct oral anticoagulants (DOACs) into clinical practice for stroke prevention in atrial fibrillation (AF), the measurement of the intensity of anticoagulation has been challenging. A precise determination of anticoagulation intensity is vital in the clinical management of vitamin K antagonists (VKA), which dominated the landscape of anticoagulation for the past decades, to find the ideal therapeutic window between efficacious prevention of stroke and systemic embolism and safety from bleeding complications [1] . The specific assays that exist to determine the drug concentrations while on treatment with DOACs in patient plasma, including chromogenic anti-Xa assays and diluted thrombin time assays [2] [3] [4] [5] , neither indicate the effect of anticoagulation on hemostatic capacity nor are 1 3 they transferable between different classes of anticoagulants. Global clotting assays, on the other hand, are not linearly dependent and have variable sensitivities to different classes of anticoagulants [6] .
Turbidimetric assessment of clot formation and lysis with a high temporal resolution is a simple method to determine clotting and lysis time parameters as well as surrogates for structural clot parameters in an ex vivo, static, tissue-factordependent system [7] . The kinetics of clot formation and lysis in samples from "real-world" patients on anticoagulation may give better insights into hemostatic capacity than global clotting assays and specific assays for drug concentration measurements. Ex vivo susceptibility to fibrinolysis after addition of recombinant tissue-type plasminogen activator has further been suggested as a potential biomarker for thromboembolic [8, 9] and bleeding complications [10] .
The aim of this study was to test ex vivo plasma clot properties including fibrinolysis potential as a measure of the effect of anticoagulation in plasma samples from realworld patients treated with anticoagulants.
Patients and methods

Patients
We obtained clinical plasma surplus samples from 250 individual patients with a diagnosis of non-valvular AF on treatment with anticoagulation drugs or no treatment, serving as controls. All patients provided written documentation of informed consent. Patients visited the outpatient clinic of the Clinical Division of Hematology and Hemostaseology of the Medical University of Vienna from 2013 to 2016 for routine consultation and assessment of their anticoagulant treatment. Patients were on treatment with dabigatran, rivaroxaban, apixaban, phenprocoumon, or on temporary treatment with low molecular weight heparin (LMWH). The study was approved by the local ethics committee (EC 1711/2014) and is conducted in accordance with the principles set forth by the Declaration of Helsinki. Blood was obtained by atraumatic venous puncture without stasis of the cubital vein using a 21-gauge butterfly needle into a vacuum tube containing trisodium citrate 3.8% (Vacuette ® Greiner Bio-One, Kremsmünster, Austria) as part of routine anticoagulation follow-up. We sampled blood in expected peak and expected trough levels in relation to last intake of the anticoagulation drug to obtain a wide variability of anticoagulation intensities. Within 1 h after sampling, citrate blood vials were centrifuged at 2500 g for 15 min at 18 °C (Hettich Rotanta 460Robotic, Tuttlingen, Germany) and the supernatant platelet poor plasma (PPP) was stored in aliquots at − 80 °C until assessment. Patients' medical histories were recorded as part of the routine risk assessments of stroke and bleeding.
Materials and assays
The prothrombin time (PT), PT-based international normalized ratio (INR), activated partial thromboplastin time (aPTT), fibrinogen, thrombin time, and anti-Xa levels (Hyphen-Biomed, Neuville-sur-Oise, France) were measured in the routine coagulation laboratory of the Department of Medical and Chemical Laboratory Diagnostics of the Medical University of Vienna using an accredited process with fresh plasma immediately after sampling. For all other measurements, the PPP samples were thawed in a water bath at 38 °C for 10 min.
LC-MS/MS
DOAC quantification by LC-MS/MS was facilitated by utilizing a previously established two-dimensional chromatography setup (Agilent Technologies, Waldbronn, Germany) hyphenated to an API 4000 Qtrap instrument (ABSciex, Framingham, MA, USA) operated in the electrospray ionization (ESI) mode [11] . Based on this instrumentation, a research-use-only assay was used as previously published [2] . A calibrator set (nine levels, one blank, Alsachim, Illkirch, France) covering the measurement range of 1.0 (lower limit of quantification [LOQ]) to 600.0 ng/ml (upper LOQ) was used for each DOAC; a linear calibration function with a 1/x weighting factor was employed. Samples with concentrations exceeding the upper LOQ were diluted with blank materials; samples with concentrations below the lower LOQ were not reported. The inter-batch (n = 10) coefficient of variation of the assay was found to be lower than 4.7% for all quality control materials (4, 40, 400 ng/ml); the accuracy of these measurements was better than ± 4.9%. In patient samples, inter-batch coefficients of variation better than 7.6% were found.
Thrombin generation
Thrombin generation was measured using a commercially available assay (Technothrombin TGA, Technoclone, Vienna, Austria), as published previously [12] . Thrombin generation in plasma was initiated with the RC high reagent (high concentration of phospholipid micelles containing 71.6 pM tissue factor in a Tris-Hepes-NaCl buffer, Technoclone).
Plasma clot properties assay
To measure plasma clot properties, we used the static turbidimetric assay, consisting of serial measurements of the optical density (OD) over time in duplicates, described previously [13, 14] . Activation of coagulation in plasma samples is initiated by addition of an activation mix, containing tissue factor (Innovin, Siemens, Marburg, Germany, with final concentration 2 pM), phospholipids (Rossix, Mölndal, Sweden, final 4 µM), and calcium chloride (final 20 nM) inside of transparent 96-well microtiter plates (nunc, Thermofisher Scientific, Bremen, Germany), and the increase in OD during clot formation is closely monitored and recorded in 20 s intervals over 3 h at 405 nm on a Multiskan Spectrum microplate reader (Thermofisher). To measure fibrinolysis potential, we added recombinant tissue plasminogen activator (rt-PA, Actilyse, Boehringer-Ingelheim, 333 ng/ml) simultaneously to the activation mix and measured the decrease in OD during clot lysis.
The parameters of plasma clot properties are automatically derived from the turbidimetric curve (SkanIt Software version 2.4.4, Thermofisher). The lag phase is defined as the time until clot OD surpasses 110% baseline OD and reflects the time required for clot formation [15] . The maximum rate of clot formation is the maximum positive change in clot OD and reflects the maximum rate of fibrin fiber assembly read by fitting a line through 5-10 points of the slope. The peak OD is the maximum achieved OD minus the baseline OD, which reflects the number of protofibrils per fiber and indirectly the structural density of the clot. The clot lysis time is the difference in time from 50% peak OD during clot formation to 50% peak OD during clot lysis and reflects the assembly kinetics as a marker for susceptibility to fibrinolysis [16] . Repeated measures of in-house controls gave an inter-assay coefficient of variation (CV) of 13% and an intraassay CV of 8.5%.
Thrombomodulin addition
We repeated the plasma clot property assay and the thrombin generation assay in the presence of 10 nM recombinant human thrombomodulin (rThm, Sekisui Diagnostics, Pfungstadt, Germany) maintaining constant concentrations in a subset of 18 samples with a wide range of DOAC concentrations (40-586 ng/ml).
Statistical analysis
Statistical analysis and graphical representation of data were performed using GraphPad Prism (Version 7.00 for Windows, La Jolla, USA) and SPSS (Version 24, IBM, Armonk, USA). Cohort descriptives are given as median and 25th to 75th percentile. The analysis of plasma clot property data includes correlation analysis using Spearman correlation, linear regression for regression analysis, and analysis of covariance (ANCOVA) for comparison of regression equations.
Results
Patients and samples
We obtained 424 citrate plasma samples from 250 patients with AF, of which 400 were on treatment with anticoagulation and 24 did not receive anticoagulation drugs at the time of sampling serving as reference controls. The median CHA 2 DS 2 -Vasc score was 4 (25th to 75th percentile 3-5) and the median HAS-Bled 2 (1-2). The median age was 72 years (65-77 years) and the median BMI 27.4 kg/m 2 (24.6-31.0 kg/m 2 ). Further characteristics and parameters of the patients, from whom plasma samples were obtained, are given in Table 1 .
Plasma clot properties, global assays of coagulation, and clinical factors
The parameters of plasma clot properties did not correlate with global measures of coagulation in controls, but correlated well in samples on treatment with anticoagulation drugs (Table 2 ). Especially the parameters of clot formation (lag phase, maximum clot formation rate, and peak clot turbidity) correlated well overall with prothrombin time, activated partial thromboplastin time, thrombin time, and fibrinogen in samples on anticoagulation treatment (Table 2 ). Comorbidities and further clinical factors were weak determinants of plasma clot properties. Patients with diabetes had higher clot formation peak turbidity, patients with congestive heart failure had lower clot formation peak turbidity, patients with arterial vascular disease had longer clot formation lag phase, and women had higher clot formation rates and higher clot formation peak turbidities than men ( Table 3 ). The CHA2DS2-VASc score and the HAS-BLED scores did not correlate with clot formation or lysis parameters. However, in the subset of control samples the CHA2DS2-VASc score correlated moderately well with clot formation peak turbidity (Spearman coefficient 0.507, p = 0.014).
Plasma clot formation properties and specific measures of anticoagulation
The lag phase of clot formation was prolonged in samples on treatment with anticoagulation compared to control samples (Fig. 1a) . The increase in clot formation lag phase was positively correlated with the INR in samples from patient on VKA (Fig. 1b) , with the LC-MS-/MSquantified drug concentration in samples from patients on DOACs (Fig. 1c) , and with anti-Xa levels in samples from patients on LMWH (Fig. 1d) . The slopes of the linear regression equations for DOAC samples were not statistically significantly different (p = 0.274), but the y-intercepts were significantly different (p < 0.0001). Therefore, at corresponding drug concentrations, the effect on lag phase prolongation was strongest in dabigatran samples, followed by rivaroxaban samples and apixaban samples (Fig. 1c) .
The maximum rate of clot formation was decreased in samples on treatment with anticoagulants compared to control samples (Fig. 2a) . The decrease in the maximum rate of clot formation was negatively correlated with the INR in samples from patient on VKA (Fig. 2b) , with the drug concentration in samples from patients on DOACs (Fig. 2c) , and with anti-Xa levels in samples from patients on LMWH (Fig. 2d) . The slopes of the linear regression equations for DOAC samples were not statistically significantly different (p = 0.402), but the y-intercepts were significantly different (p = 0.0017). Therefore, at corresponding drug concentrations, the maximum rate of clot formation was lowest in dabigatran samples, slightly greater in rivaroxaban samples and highest in apixaban samples (Fig. 2c) . The maximum rate of clot formation is further correlated to the parameters of thrombin generation indicating a relationship with the kinetics of thrombin generation (Table 4 ).
The peak plasma clot turbidity was reduced in samples on treatment with anticoagulants compared to control samples (Fig. 3a) . The decrease in the peak plasma clot turbidity was negatively correlated with the INR in samples from patient on VKA (Fig. 3b) , with the drug concentration in samples from patients on DOACs (Fig. 3c) , and with anti-Xa levels in samples from patients on LMWH (Fig. 3d) . The slopes of the linear regression equations for DOAC samples were not statistically significantly different (p = 0.112), but the y-intercepts were significantly different (p = 0.0029). Therefore, at corresponding drug concentrations, peak plasma clot turbidity was lowest in dabigatran samples, greater in rivaroxaban samples, and greatest in apixaban samples (Fig. 3c) .
Plasma clot lysis time and specific measures of anticoagulation
There was no difference between clot lysis times in samples from patients on anticoagulants compared to controls (Fig. 4a) . Clot lysis time also did not correlate significantly with INR in VKA samples or LC-MS-/MS-quantified DOAC concentrations (Fig. 4b-c) , but there was a modest trend for a positive correlation between increasing intensity of anticoagulation and increased clot lysis time. The slopes of the linear regression equations for DOAC samples were not significantly different (p = 0.703), but the y-intercepts were significantly different between dabigatran and the Xa inhibitors (p = 0.012). Therefore, at corresponding drug concentrations clot lysis time was longest in dabigatran samples, and shorter in samples on rivaroxaban or apixaban (Fig. 4c) . Further, the correlation was strong and significantly positive between clot lysis time and anti-Xa levels in samples from patients on LMWH (Fig. 4d) . Plasma clots formed under influence of LMWH with higher anti-Xa levels took longer to lyse after ex vivo addition of rt-PA than in samples with lower anti-Xa levels.
Because the clot lysis time was counterintuitively correlated positively with intensity of anticoagulation, and small Spearman r values indicate that the variability in clot lysis time was not accounted for sufficiently by anticoagulation intensity, we explored the relationship between clot lysis time and the parameters of clot formation. In control samples, clot lysis time correlated positively with clot peak turbidity (Spearman r = 0.439, p = 0.032), indicating that the time it takes to lyse is related to the density of the plasma clot ( Table 5 ). The more densely the fibers are assembled, the slower the clot lysis. In samples on anticoagulation, this was not confirmed. Instead parameters that surrogate the rate of clot formation including clot formation lag phase and clot formation maximum rate were correlated to clot lysis time, most strikingly in samples on LMWH (Table 5 ). This indicates that the slower a clot is formed, the slower the clot is lysed by rt-PA added ex vivo. A comparison with thrombin generation, however, showed that clot lysis time is only weakly correlated with parameters of thrombin generation (Table 4) .
Thrombomodulin experiment
To clarify the very modest influence of anticoagulants on clot lysis time, we added rThm. In the presence of rTHM, clot lysis time was prolonged in anticoagulated and control samples (Fig. 5a ). The increase in clot lysis time was inversely correlated to DOAC concentration (Fig. 5b) , INR level in VKA samples (supplemental Fig. 1A) , and antiXa levels in LMWH samples (supplemental Fig. 1B ). The thrombin generation was reduced in samples with higher concentrations of anticoagulants and addition of rTHM decreased the thrombin generation in comparison to samples without rTHM (Fig. 5c ). Clot lysis time and DOAC plasma concentration were inversely correlated only in the presence of rTHM (Fig. 5d ).
Discussion
The turbidimetric assay for measuring plasma clot formation and lysis is a useful research method for assessing the effect of anticoagulation. In our investigation, the parameters lag phase, maximum clot formation rate and peak turbidity were correlated across a wide range of DOAC concentration in DOAC samples, INR levels in VKA samples, and anti-Xa levels in LMWH samples. This allows an indirect comparison between the intensity of anticoagulation between different anticoagulant classes. The clot lysis time was only dependent on anticoagulation intensity in the presence of thrombomodulin because anticoagulants reduced the generation of thrombin, which is required for TAFI activation and fibrinolysis inhibition. The plasma clot formation and lysis assay have previously been used to show the effect of anticoagulants on fibrin clot structure and susceptibility to fibrinolysis [7, 17, 18] . The main objective and novelty of this investigation was to establish comparativeness between different anticoagulants using the plasma clot property assay in patient samples on treatment with anticoagulation. We found that the parameters of clot formation, particularly the lag phase, were strongly correlated with the specific tests for anticoagulation, including plasma concentration of DOACs, INR values in VKA samples, and anti-Xa levels in LMWH samples. Using the regression equations, a cautious comparison between different classes of anticoagulants may be possible. For example, an INR value of 3 in VKA samples corresponded to a lag Fig. 3 a Plasma samples from patients on treatment with anticoagulants had decreased peak turbidity compared to controls. The peak turbidity of clot formation correlated weakly with INR values in VKA patients (b) and moderately with LC-MS/MS measured drug concentrations in samples from patients on rivaroxaban treatment but only weakly in patients on dabigatran and not in patients on apixaban treatment (c), and moderately with anti-Xa levels in samples from patients on treatment with LMWH (d). Only statistically significant correlations are shown with a linear regression line phase of 591 s, which would correspond to a rivaroxaban concentration of 77.5 ng/ml. The maximum rate of clot formation may be a good parameter to measure the kinetics of the propagation phase of thrombin. We found a strong correlation between PCP maximum rate and parameters of thrombin generation (Table 4) . Dabigatran had lower maximum rates of clot formation compared to rivaroxaban and apixaban at corresponding concentrations. There is no direct clinical comparison between DOACs, neither for stroke prevention in AF nor for the treatment of venous thromboembolism. However, it may be clinically relevant to note that corresponding concentrations of different DOACs may result in different impact on hemostasis capacity. Interestingly, in clinical randomized trials dabigatran was the most efficacious in the prevention of strokes, apixaban was safest concerning major bleeding endpoints, and rivaroxaban was somewhat in the middle as a trade-off for the net-clinical benefit [19] .
The peak OD of clot formation was only modestly correlated to intensity of anticoagulation in our investigation of real-world samples. Microscopic images previously showed reduced structural clot density under increasing intensities of anticoagulants [17, 18, 20] .The variability in peak OD in our samples may be attributed to other determinants, which are difficult to control for in real-world samples compared to studies on normal plasma spiked with anticoagulants [18] . We found that some clinical factors such as sex, diabetes, and heart disease may be able to influence clot properties, although the magnitude of this influence will have to be validated.
There are caveats to be considered when measuring anticoagulation for clinical purposes depending on anticoagulant class [6] . Global assays of anticoagulation such as aPTT and PT are insensitive to low DOAC concentrations [2, 21] ; PT is insensitive to dabigatran and poorly sensitive to apixaban, while aPTT is insensitive to rivaroxaban and apixaban [6] . Specific assays such as chromogenic anti-Xa and diluted thrombin time calibrated for Xa-inhibitors and IIa-inhibitors, respectively, are specific but not widely available [22, 23] . Plasma clot properties, although currently not a standardized research tool, may therefore be an adequate measure for comparing the effects on clot formation and fibrinolysis under different anticoagulants.
The other major finding of our investigation was the dependency on thrombomodulin to show a relationship between anticoagulation intensity and fibrinolysis potential. We found an inverse linear relationship between DOAC concentration, INR levels, and anti-Xa, respective to anticoagulant agent, with clot lysis time in real-world plasma samples after addition of rt-PA to initiate fibrinolysis in the presence of rThm (10 nM). In our primary analysis without rThm, there was no correlation between clot lysis time and anticoagulation intensity (Fig. 4b-d) , in contrast to previously published results [18] . In the presence of rTHM, we observed a reduction in the thrombin generation (Fig. 5c ). Thrombin forms a complex with rThm with great affinity for thrombin-activatable fibrinolysis inhibitor (TAFI) [24] , which inhibits fibrinolysis and thus may be responsible for the prolongation of the clot lysis time in our experiment (Fig. 5d) , as well as a previous report [25] . The amount of generated thrombin was also dependent on the anticoagulation intensity (Fig. 5c) . Therefore, in samples with higher concentrations of an anticoagulant the amount of available thrombin for the rTHM-Thrombin complex was reduced, causing less TAFI activation and less inhibition of fibrinolysis, which we measured as less prolonged clot lysis time. We concluded that anticoagulation intensity and clot lysis time were inversely related ( Fig. 5d) and dependent on TAFI. We found that the relationship was the same for dabigatran, rivaroxaban, and apixaban (Fig. 5b) , although in a previous investigation, only dabigatran samples had increased the susceptibility to fibrinolysis [26] . The reason may be that the samples in our investigation include some with very high DOAC concentrations (> 500 ng/ml), which were not included in the prior study. An increased susceptibility for fibrinolysis plus the inhibition of clot formation under the influence of anticoagulation may be a two merging drivers for the risk of bleeding in patients on anticoagulation. The use of antifibrinolytic treatment to reduce the risk of bleeding in anticoagulated patients has been postulated previously [27] . Patients with higher susceptibility to fibrinolysis have to be identified with standardized methods for this new approach to reduce bleeding complications while under anticoagulation treatment and improve the net-clinical benefit of anticoagulation treatment in patients with high risk of bleeding. An important issue that demands standardization in the measurement of plasma clot properties is the choice of time points for the measurement of the clot lysis time. For the current investigation, we measured clot lysis time as the difference in time from 50% Δpeak OD during clot formation to 50% Δpeak OD during clot lysis. In measurements that include the entire lag phase and clot formation curve, the clot lysis time is too dependent on the lag phase, which of course is predominantly determined by anticoagulation intensity, which can lead to a false correlation between clot lysis time and anticoagulation intensity. Apart from bleeding endpoints, plasma clot properties may also be associated with thromboembolic endpoints and may offer new possibilities for biomarker guided risk evaluation in other populations [8, 10, 28] .
The current investigation is not without limitations. The plasma clot property assay may be more sensitive to thrombin inhibitors because their mode of action is further downstream on the coagulation cascade with a stronger impact on fibrinogen cleavage. However, we found that the regression lines through the data points of different DOACs were almost parallel and we found no exponential relationship between anticoagulation intensity and plasma clot property parameters. Very high concentrations of DOACs (above the limit of quantification of LS-MS/MS [> 600 ng/ml]) yielded poor clotting results and poor thrombin generation measurements, because the tissue factor concentration was too low. The choice of tissue factor concentration was a trade-off to achieve clotting over a wide range of anticoagulation intensities and anticoagulant classes, but with the smallest possible impact of tissue factor and the biggest possible impact of the anticoagulants. We were, however, able to show that such high concentrations of DOACs exist in real-world practice.
Conclusion
In this investigation, we showed a linear relationship between plasma clot properties and specific measures for anticoagulation treatment, respective to the class of anticoagulant. We found that this common measure of tissuefactor-initiated plasma clot formation and lysis might be a method to compare anticoagulants ex vivo. Plasma clot susceptibility to fibrinolysis in real-world samples increased with increasing intensity of anticoagulation across all tested DOACs, VKA, and LMWH, but only in the presence of rThm, suggesting a dependency on TAFI.
